Introduction
============

Mitotic catastrophe (MC) has been observed following alterations in specific cellular proteins, or by treatment of cells with chemicals, heat, and/or ionizing radiation \[[@B1]-[@B13]\]. MC is characterized by an aberrant nuclear morphology observed following premature entry into mitosis \[[@B10]\] and often results in the generation of aneuploid and polyploid cell progeny. The initiating event in this process involves the premature entry of cells into mitosis; cells undergo a spontaneous chromosome condensation that produces chromosome morphologies very similar to those observed when metaphase cells are fused with cells located late in the cell cycle \[[@B11]\]. Thus we consider these abnormal mitotic figures as indicative of cells undergoing spontaneous premature chromosome condensation (SPCC). These cells entering into mitosis prematurely often either fail to achieve cytokinesis or divide and fuse shortly thereafter, and later exhibit the features of MC. These cells almost always die \[[@B9]\]; however, some studies have suggested that a small fraction of cells might survive long enough to establish a growing population of cells \[[@B14]-[@B16]\], and one study demonstrated a high frequency of surviving clones containing an elevated incidence of MC \[[@B17]\]. These results may indicate that a small fraction of cells can survive MC.

Stress-induced SPCC and subsequent MC is observed under conditions where cyclin B1/cdc2 kinase is activated while cells are delayed in S or G2 phases \[[@B20],[@B11]\], indicating that stress-induced MC is the result of abrogation of cell cycle regulatory pathways, in particular G2 checkpoint pathways \[[@B1],[@B21],[@B22]\]. There are many proteins that play a role in the regulation of checkpoint functions in G2, both inhibitory and stimulatory. Our previous work has shown that significant elevations of the intracellular content of cyclin B1 are associated with SPCC and subsequent MC under a variety of conditions \[[@B11],[@B13],[@B20]\]. Thus, there is evidence in support of the hypothesis that abrogation of the G2/M checkpoint, due to overaccumulation of cyclin B1 protein and premature activation of cyclin B1/cdc2 kinase, plays a critical role in the induction of SPCC and subsequent MC.

Cyclin B1 biosynthesis contributes to the regulation of mitotic entry, as cyclin B1 levels are cell cycle regulated, with the gene being expressed only in S and G2 phases in human and rodent cells \[[@B25]\]. At the later stages of mitosis, proteosome-mediated degradation of cyclin B1 begins, and new cyclin B1 synthesis is required for entry into the next mitosis \[[@B26]\]. Thus, the cyclic rise and fall of cyclin B1 levels provides for one level of regulation of this pro-mitotic protein. Cells arrested late in the cell cycle are located at that point in the cycle when cyclin B1 gene expression is at its peak value. Under these conditions it has been shown that the p53 tumor suppressor gene product is a negative regulator of cyclin B1 transcription, perhaps providing for negative feedback regulation of cyclin B1 levels under abnormal conditions \[[@B27]\]. If the induction of MC in cells post-irradiation is due to cyclin B1 overaccumulation, a role for p53 in this response might be expected. In this study we present data which describe such a role for p53 in the induction of MC mediated by overaccumulation of cyclin B1 occurring during delay of cells late in the cell cycle.

Materials and methods
=====================

Cell culture
------------

Mouse embryonic fibroblast (MEF) cells were grown in monolayer in Dulbecco\'s modified eagle medium (DMEM) (GIBCO) containing 10% heat-inactivated fetal bovine serum (Hyclone), non-essential aminoacids (GIBCO) and antibiotics (100 U/ml penicillin and 100 μg/ml streptomycin) (GIBCO). Under these growth conditions, cells grew with a doubling time of about 14 hours. Cells were routinely tested for mycoplasma and found to be uninfected. For all experiments, cells were plated at a density of 1.5 × 10^6^*per*75 cm^2^flask 24 hours prior to the start of the experiment.

Irradiation
-----------

Gamma-irradiation was delivered at room temperature using a 9,000 Ci ^137^Cs source at the dose rate of 0.92 Gy min^-1^.

Cytology
--------

Microscopic determination of nuclear fragmentation was performed on air-dried slide preparations. Hypotonically swollen cells (75 mM KCl, 8 min) were fixed in 3:1 absolute methanol to glacial acetic acid for 5 min, and air-dried on clean, moistened microscopic slides. Dried slides were then stored at room temperature until ready for staining with 1 mg/ml Hoechst 33342. The percentage of cells exhibiting nuclear fragmentation was determined using an Olympus AX-70 microscope equipped with a mercury lamp and ultraviolet filters. Only intact cells containing three or more fragmented nuclei were scored for these experiments.

Light microscopy
----------------

The same microscopic slides prepared for the cytology end point (described above) were used to depict cell morphology changes post-irradiation. Photos were taken using an epifluorescence Olympus BX51 microscope at a magnification of 10×.

Bivariate BrdUrd-PI (bromodeoxiuridine-propidium iodide) flow cytometry
-----------------------------------------------------------------------

Analysis of cell cycle distribution during the post-irradiation interval was determined using 10 μM BrdUrd pulse-labeling techniques, followed by bivariate analysis using anti-BrdUrd-PI staining (Becton Dickinson Immunocytometry Systems), as previously described in Ianzini and Mackey 1997 \[[@B11]\] to monitor cells in G1, S, and G2 phases. Flow cytometric analysis was performed using a FacSTAR (Becton Dickinson), with excitation of fluorochromes by an argon laser emitting at 488 nm with 300 mW power; red fluorescence (PI) was detected using a 640 nm low-pass filter, and green fluorescence (FITC) using a 525 nm band-pass filter. Data analysis was performed using WinMDI software. For all the collected data, cell cycle phase distributions were determined using box analysis as described in detail in Ianzini and Mackey 1997 \[[@B11]\].

Bivariate cyclin B1-PI flow cytometry
-------------------------------------

Estimates of the relative intracellular levels of cyclin B1 were made using anti-cyclin B1-PI analysis as described in Mackey and Ianzini 2000 \[[@B13]\]. Briefly, cells fixed in 95% ethanol were incubated (1 hour, room temperature) with an anti-cyclin B1 monoclonal antibody (Upstate Biotechnology), rinsed and incubated as before with FITC-conjugated goat-anti-mouse IgG (Sigma), treated with RNAse (1 mg/ml, 30 min, room temperature) after which 0.5 ml of 70 μg/ml of PI was added. The details for flow cytometric data acquisition were the same as for the anti-BrdUrd-PI analysis above. In all samples analyzed, cyclin fluorescence was detected only in cells with early S DNA content. The WinMDI software was used to determine the mean cyclin fluorescence values per cyclin-labeled cells; these measurements are proportional to intracellular cyclin levels.

Western blotting
----------------

Western Blotting was performed to determine cyclin B1 protein expression in the mutant p53 MEF 10(1) cells and in the wild-type p53 MEF 12(1) cells. Thirty μg total proteins from whole cell extracts were boiled for 10 min in Laemmli sample buffer and separated using 10--12% 1D SDS-PAGE. The separated proteins were transferred to Immobilon-P membranes using a semi-dry blotting apparatus and probed with an anti-cyclin B1 monoclonal antibody (anti-mouse) (Upstate), at a dilution of 1:500. Beta-actin was detected using goat anti-actin polyclonal antibody (Santa Cruz Biotechnology Inc.). Peroxidase-conjugated AffiniPure goat anti-mouse IgG Fcy fragment specific (Jackson ImmunoResearch) and donkey anti-goat IgG HRP (Santa Cruz Biotechnology) were used as secondary antibodies at a dilution of 1:6000 and 1:2000, respectively. Detection was performed using Western Lightning Chemiluminescence Reagent (Perkin Elmer).

Results
=======

To explore a role for p53 in the induction of mitotic catastrophe (MC) by radiation, we studied the response to γ-irradiation of both wild-type and non-functional p53 mouse embryonic fibroblast (MEF) cells. These two related cell lines are the parental MEF 12(1) (wild-type p53) and MEF 10(1) (mutant p53). These cell lines were originally developed in Dr. A. J. Levine\'s lab (Princeton University) and were kindly provided to us by Dr. P. Goswami (University of Iowa). p53 DNA binding assays have demonstrated normal p53 DNA binding activity for the wild-type 12(1) cell line, with no p53 binding for the p53 mutant MEF 10(1) cells (Dr. Goswami, personal communication).

The data presented here are from a representative experiment; all results were verified in two additional experiments. For each experiment, control and treated samples were collected at the same time with matching time points for each end point.

Figure [1](#F1){ref-type="fig"} shows changes in cell cycle phase distribution following 10 Gy irradiation of the mutant p53 MEF 10(1) cell line. Following irradiation, there is a transient decrease in G1 fraction, while the S phase fraction stays around 50% for about 8 hours. Following these effects on G1 and S fractions, a transient increase in the G2 fraction is observed, while the S phase fraction remains depressed for the duration of the experiment. These data are in accord with other studies \[[@B11]\] and they show the expected delay in G2 phase, which peaks at about 18 hours post-irradiation. Sham-irradiated controls showed no effect of cell manipulation on cell cycle phase distribution (data not shown).

![Changes in the cell cycle phase distribution of the mutant p53 cell line MEF 10(1) following 10 Gy γ-irradiation. Cells were pulse-labeled for 30 min with 10 μM BrdUrd in complete medium at 37°C at the indicated times post-irradiation. Bivariate BrdUrd-PI flow cytometric analysis was performed as described in Materials and Methods. 20000 cells were analyzed at each time point. Closed circles, percentage of cells in G1 phase of the cell cycle; open triangles, percentage of cells in S phase of the cell cycle; closed squares, percentage of cells in G2 phase of the cell cycle.](1475-2867-6-11-1){#F1}

Our previous work \[[@B11],[@B13],[@B20]\] has shown that cells delayed late in the cell cycle contain elevated levels of cyclin B1. Thus, we performed flow-cytometric determinations of cyclin B1 levels using immunofluorescence staining with a cyclin B1 antibody and counterstaining with propidium iodide (Figure [2](#F2){ref-type="fig"}). This bivariate analysis \[[@B13]\] allows us to determine the relative cyclin B1 levels as a function of DNA content, as described in detail in Mackey and Ianzini \[[@B13]\]. As this assay measures cyclin B1 levels *per*cell, points above the dotted line in Figure [2](#F2){ref-type="fig"} represent cells with abnormal accumulations of cyclin B1. As can be seen in Figure [2](#F2){ref-type="fig"}, cyclin B1 begins to rise immediately following irradiation, and continues to increase as cells are later delayed in G2. Cyclin B1 levels are already 3 times the control value at 8 hours post-irradiation. This elevation in cyclin B1 content begins to decrease at 34 hours post-irradiation, but still remains above control levels for the duration of the experiment.

![Changes in intracellular cyclin B1 levels in the mutant p53 cell line MEF 10(1) following 10 Gy γ-irradiation. Cyclin B1 levels were determined using a bivariate flow cytometric assay, as described in Materials and Methods, and are expressed relative to sham-irradiated controls. The open circle at the end of the dotted line shows the mean and standard deviation of cyclin levels in the matched controls over the course of this experiment. Cyclin B1 was detected only in early S phase.](1475-2867-6-11-2){#F2}

Figure [3](#F3){ref-type="fig"} shows that nuclear fragmentation in this experiment began to rise at about 24 hours post-irradiation. Only intact cells containing three or more fragmented nuclei were scored for these experiments to avoid data interference from possibly present binucleated cells in the irradiated cell population \[[@B11]\]. Nuclear fragmentation is persistent during the time course of this experiment and reaches values of about 80% at 48 hours post-irradiation. Morphological changes in irradiated p53 mutant MEF 10(1) cells are shown in Figure [4](#F4){ref-type="fig"}. The presence of fragmented nuclei and changes in cell shape are evident for the irradiated population and are hallmarks of MC (Figure [4](#F4){ref-type="fig"}, panel A; panel B is sham-irradiated control).

![Changes in the frequency of cells with a fragmented nuclear morphology in the mutant p53 cell line MEF 10(1) following 10 Gy γ-irradiation. Intact cells having three or more nuclear fragments were scored as positive for nuclear fragmentation in these experiments, as described in Materials and Methods. Scoring was performed blind.](1475-2867-6-11-3){#F3}

![Light microscopy photos of the mutant p53 cell line MEF 10(1) following 10 Gy γ-irradiation. Methanol/glacial acetic acid fixed cells were stained using Hoechst 33258 and visualized using fluorescence microscopy, as described in Materials and Methods. Panel A: morphology of MEF 10(1) cells at 32 hours post-irradiation. Panel B: morphology of sham irradiated MEF 10(1) cells, at time zero.](1475-2867-6-11-4){#F4}

A different pattern of results is obtained with the wild-type p53 MEF 12(1) cells. The bivariate BrdUrd-PI flow-cytometric analysis of MEF 12(1) cells (Figure [5](#F5){ref-type="fig"}) shows that following 10 Gy irradiation, similar transient delays late in the cell cycle are present as it is in the mutant p53 MEF 10(1) cells, with the exception that the increase in G2 fraction is observed earlier in this cell line, and this fraction remains elevated for the duration of the experiment, suggesting a persistent G2 arrest. Analysis of cyclin B1 levels, however, showed only a minimal increase in this positive mitotic regulator (Figure [6](#F6){ref-type="fig"}) in the wild-type p53 cell line. These results are confirmed by western blotting (Figure [7](#F7){ref-type="fig"}) which shows that cyclin B1 protein levels are increased starting at zero time post-irradiation and remaini elevated there after in the mutant p53 MEF 10(1) cell line, while no protein increase is seen for the first 24 h post-irradiation in the wild-type p53 MEF 12(1) cells. Similarly, minimal nuclear fragmentation was observed post-irradiation in the MEF 12(1) cells (Figure [8](#F8){ref-type="fig"}). Light microscopy photos of irradiated MEF 12(1) cells also confirm that the morphological features of the irradiated cell population does not greatly differ from the control population (Figure [9](#F9){ref-type="fig"}, panels A and B), except that a greater number of large cells are observed, probably reflecting the persistent G2 arrest noted in Figure [5](#F5){ref-type="fig"}. These results suggest an important role for p53 in the induction of MC following irradiation.

![Changes in the cell cycle phase distribution of the wild-type p53 cell line MEF 12(1) following 10 Gy γ-irradiation. Cells were pulse-labeled for 30 min with 10 μM BrdUrd in complete medium at 37°C at the indicated times post-irradiation. Bivariate BrdUrd-PI flow cytometric analysis was performed as described in Materials and Methods. 20000 cells were analyzed at each time point. Closed circles, percentage of cells in G1 phase of the cell cycle; open triangles, percentage of cells in S phase of the cell cycle; closed squares, percentage of cells in G2 phase of the cell cycle.](1475-2867-6-11-5){#F5}

![Changes in cellular levels of cyclin B1 in the wild-type p53 cell line MEF 12(1) following 10 Gy γ-irradiation. Cyclin B1 levels were determined using a bivariate flow cytometric assay, as described in Materials and Methods, and are expressed relative to sham-irradiated controls. The open circle at the end of the dotted line shows the mean and standard deviation of cyclin levels in the matched controls over the course of this experiment. Cyclin B1 was detected only in cells in late S and G2 phases.](1475-2867-6-11-6){#F6}

![Expression of cyclin B1 in the mutant p53 cell line MEF 10(1) and in the wild-type p53 cell line MEF 12(1) following 10 Gy γ-irradiation. Thirty μg total proteins from whole cell extracts were resolved using SDS-PAGE, and processed as described in Materials and Methods. Immunoblots were visualized using chemiluminesence detection. Lanes 1--5: p53 mutant MEF 10(1) cells: sham-irradiated control at zero time (line 1), followed by 0, 8, 24, and 32 hours post-irradiation samples. Lanes 6--10: wild-type p53 MEF 12(1) cells: sham-irradiated control at zero time (line 6), followed by 0, 8, 24, and 32 hours post-irradiation samples.](1475-2867-6-11-7){#F7}

![Changes in the frequency of cells with a fragmented nuclear morphology in the wild-type p53 cell line MEF 12(1) following 10 Gy γ-irradiation. Intact cells having three or more nuclear fragments were scored as positive for nuclear fragmentation in these experiments, as described in Materials and Methods. Scoring was performed blind.](1475-2867-6-11-8){#F8}

![Light microscopy photos of wild-type p53 cell line MEF 12(1) following 10 Gy γ-irradiation. Methanol/glacial acetic acid fixed cells were stained using Hoechst 33258 and visualized using fluorescence microscopy, as described in Material and Methods. Panel A: morphology of MEF 12(1) cells at 40 hours post-irradiation. Panel B: morphology of sham-irradiated MEF 12(1) cells, at time zero.](1475-2867-6-11-9){#F9}

Discussion
==========

Our previous studies of heat- and radiation-induced MC in HeLa cells \[[@B20],[@B11],[@B13]\] have demonstrated that a common feature of the effect of the two modalities is the high accumulation of cyclin B1 that occurs prior to the appearance of MC. Other studies also indicated that overaccumulation of cyclin B1 is a common phenomenon also in other cell lines exposed to radiation \[[@B12]\] as long as p53 is non-functional. Further, we have also shown that in some cell lines, this elevation of cyclin B1 levels persists for several cell generations in the treated population \[[@B11]\]. Although studies have shown that p53 deficiency can lead to the disruption of many cell cycle regulatory pathways \[[@B22],[@B29]\], other reports have demonstrated that effects of p53 on cyclin B1 gene expression alone can contribute significantly to the regulation of the G2/M checkpoint \[[@B27],[@B30]\]. p53 acts to regulate cellular levels of cyclin B1, through a transcriptional repression mechanism which is not completely understood \[[@B31],[@B32]\]. Nevertheless, studies have shown that inhibition of p53-dependent regulation of cyclin B1 transcription results in MC in G2-arrested cells \[[@B5],[@B27]\], and over expression of cyclin B1 can overcome the G2 block \[[@B28]\]. Other studies \[[@B33]\] reported that MC is independent of p21 (Waf-1) and 14-3-3-σ, but p21 can lead to G1 arrest in tetraploid cells produced during MC; and \[[@B34]\] that cells not expressing p21 have an increased number of cells undergoing MC. Thus, it appears that, in addition to those p53-dependent pathways related to cyclin B1/cdc2 activation, at least one pathway has evolved which functions to simply repress cyclin B1 synthesis, and abrogation of this pathway can lead to MC and other subsequent effects on cell cycle regulation.

Control of cyclin B1 levels during a G2 arrest is an important cellular function, because the level of other cell cycle regulators can be effectively reduced simply by mass action in the presence of elevated cyclin B1 protein if their levels are not increased accordingly \[[@B28]\]. We consider it possible that p53 functions to repress radiation-induced MC through its activity as a modulator of the G2 checkpoint mechanisms. On the other hand, it has also been proposed that lack of p53 promotes MC as a mechanism for removing damaged cells from populations following genotoxic stress \[[@B35]\]. The transcriptional repression mechanisms by which p53 mediates a decrease in intracellular levels of cyclin B1 are lost in absence of p53 function; thus, under conditions of genotoxic stress cyclin B1 protein can accumulate, cyclin B1/cdc2 complexes can be activated, the G2 checkpoint can consequently be abrogated and, the cells can enter mitosis prematurely undergoing MC. The generality of this phenomenon as a toxicological mechanism underlying radiation-induced MC has not yet been established in a variety of human tumor cell lines. However, we have demonstrated that MC does occur in human tumor cells such as HeLa cells \[[@B11],[@B13],[@B18],[@B19]\] and PC-3 (prostate cancer) cells (manuscript in preparation), which are both impaired on their p53 functionality. On the contrary, when p53 is functional, such as in the human glioblastoma U87MG cells, MC is not observed (manuscript submitted), consistent with this hypothesis. Thus, p53-mediated effects on cyclin B1 levels may have a dual aspect: tumor cells with functional p53 might be more prone to survive while those with non functional p53 might be driven to undergo MC and die. Defining the mechanisms underlying the role of p53 in MC might lead to strategies to improve clinical radiation response for those human tumors with defects in p53 or p53-related pathways and that avoid radiation-induced apoptosis. If radiation-induced MC is the predominant mode of cell death in p53-deficient cells, clinical interventions designed to enhance its production might not affect surrounding normal tissue, and thus lead to a therapeutic gain.
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